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ABSTRACT 
 
Lanthanum cerium oxide (LaxCeyOz) precursor was prepared using metal-organic 
decomposition method. The effects of post-deposition annealing temperatures (400-1000 °C) and 
annealing time (15-120 minutes) in argon ambient on physical properties of the deposited film 
were investigated. X-ray diffraction was employed to detect presence of phase and crystal 
orientation in the films. Williamson-Hall plot was used to determine the grain size and 
microstrains of the film. The grain size increased with the increase of annealing temperature and 
time while microstrains showed an inverse relationship. High resolution transmission electron 
microscopy (HRTEM) revealed the formation of three layers on top of the Si substrate. A 
mechanism, which led to the observation, was proposed.  
 
Keywords: High-k dielectric; lanthanum cerium oxide; metal-organic decomposition; post-
deposition annealing; annealing time. 
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1. Introduction 
 
 The continuous downsizing of metal-oxide-semiconductor (MOS) based device 
dimensions has been the key factor behind the evolution of microelectronics nowadays. The 
corresponding impact would be the reduction of gate length to 50 nm and gate oxide thickness to 
1.5 nm. However, with the advent of gate length technology to 45-22 nm node, ultimate oxide 
scaling down to EOT of approximately 0.5 nm is required [1]. Although SiO2 remains the gate 
oxide material of choice, it is fast approaching its thickness limit. In this regime, unacceptably 
large leakage currents and reliability concerns accelerate substantial effort in searching for a gate 
oxide with higher dielectric constant (k) than SiO2 (k=3.9), allowing the utilization of physically 
thick gate oxide with electrically equivalent oxide thickness (EOT). Numerous high-k gate 
oxides, such as Al2O3 [2-4], ZrO2 [5-6], and HfO2 [7-9] have been employed on Si substrate. 
Al2O3 is also a promising candidate for replacing SiO2. However, its k value of about 8-10 [] has 
limited its utilization as a high-k gate oxide. Attention has thus shifted to using HfO2 and ZrO2. 
Both of these oxides possess k values of 20-25 [6-7] yet these k values are insufficient to yield 
EOT of 0.5 nm. To achieve the ultimate limits of oxide scaling, a new gate oxide with higher k 
value is required [10-11]. This can be accomplished through the introductory of rare-earth oxides 
(REOs) [11]. REOs are attractive because there is a compromise between the energy gap and k, 
so as to combine good insulating properties with potential for oxide scaling. La2O3 [12-15], Y2O3 
[16-19], and CeO2 [20-22] are the examples of REO, which have been deposited on Si substrate. 
Among these REOs, La2O3 is considered one of the most attractive materials due to its high k 
(~30) [23], large band gap (5-6 eV) [23-24] and high conduction band offset (2.3 eV) from the Si 
conduction band [24].  Nevertheless, it is also the most unstable REO because the hygroscopic 
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nature of La2O3 easily turns into La(OH)3 on reaction with ambient water [15, 25-26]. The 
moisture absorption of La2O3 films is partly attributed to the oxygen vacancies in the films [27]. 
This eventually deteriorates the k and electrical properties of La2O3 film. In order to alleviate this 
problem, La2O3 is combined with other oxides, such as Al2O3, ZrO2 or HfO2 to form ternary 
REO [15, 28-32]. It is anticipated that the addition of La2O3 into these oxides improves the k of 
the film because of the high dielectric polarizability of La3+ in La2O3 [33]. It is reported that they 
are having a k value of 22-27 for LaAlO3 [28] when compared with Al2O3 (k =8-10) [29] and an 
increment of k value for HfO2 and ZrO2 (k = 20-25) [6-7] to 38-39 for La2Hf2O7 [31] and 
La2Zr2O7 [34].  
 
The beneficial effect of having ternary REO has stemmed the interest of investigating the 
addition of La2O3 to CeO2. Formation of La2Ce2O7 has been reported in previous literatures but it 
is mainly used for thermal barrier coating due to the fascinating properties, such as low thermal 
conductivity, high melting point, and thermal expansion match with the underlying substrate that 
it offers [35-38]. Since there is no pertinent investigation on the employment of LaxCeyOz as a 
gate oxide material, it is of interest to investigate the performance of LaxCeyOz for future 
integration in MOS-based devices. Therefore, the effects of post-deposition annealing 
temperature (400, 600, 800, and 1000 °C) in argon ambient on the physical properties of metal-
organic decomposition (MOD)-derived LaxCeyOz spin-coated on n-type Si substrate have been 
systematically examined in this work. 
 
2. Experimental procedures 
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The lanthanum cerium oxide precursor was prepared as follows. Lanthanum nitrate 
(Aldrich) and cerium (III) acetylacetonate hydrate (Aldrich) were used as the starting materials. 
Initially, small amount of cerium acetylacetonate hydrate powder was dissolved in 3 ml of 
methanol (J. T. Baker, Analytical grade), followed by an addition of a few drops of acetic acid (J. 
T. Baker, CMOS grade) to obtain a 0.25 M cerium-containing precursor solution. The mixture 
was then stirred continuously for 15 min. To achieve a stoichiometric lanthanum cerium oxide, 
1:1 molar ratio of La/Ce was maintained. The lanthanum nitrate powder was converted to 
lanthanum acetylacetonate by dissolving an appropriate amount of the powder in acetylacetone 
to make up a 0.25 M lanthanum-containing precursor solution. Similarly, this solution was 
continuous stirring for 15 min and subsequently added to the cerium-containing precursor 
solution and stirred for another 15 min. After a homogeneous mixture was produced, it was then 
reflux for 2 h. The resulting lanthanum cerium oxide precursor was allowed to cool prior to spin-
coating on a 1-cm2 cleaned n-type Si (100) substrate. The spinning rate and time were 4000 rpm 
and 30 s, respectively. Then, the samples were inserted into a horizontal tube furnace for post-
deposition annealing at different temperatures (400, 600, 800, and 1000 °C) in argon atmosphere 
with a heating rate of 5 °C/min for 15 to 120 min. The samples were then cooled down slowly at 
a rate of 5 °C/min.  
 
In this study, X-ray diffraction (XRD) system (P8 Advan-Bruker) had been used to 
characterize the presence of phase and orientations of CeO2 film in the scan range of 25 ° to 60 ° 
(2θ), using a step time of 71.60 s and step size 2θ of 0.032 °. The X-ray source of Cu-Kα1 
radiation with λ = 1.541 Å was run under a voltage of 40 kV and a current of 40 mA.  
Williamson-Hall (W-H) plot was applied to calculate the grain size and microstrains contained in 
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the samples from the XRD line broadening [39]. The oxide thickness and interfacial layer of the 
samples were determined using high-resolution transmission electron microscopy (HRTEM) 
(FEI Technai TF-20) operated at 200 kV. The oxide root-mean-square (rms) roughnesses were 
determined by a non-contact mode atomic force microscopy (AFM) (Nano Navi SPI3800N). 
 
3. Results and Discussion 
 
The XRD patterns of lanthanum cerium oxide (LaxCeyOz) films annealed at different 
annealing temperatures (400-1000 °C) are shown in Fig. 1. The film annealed at 400 °C does not 
reveal any diffraction peaks. As the annealing temperature increases to higher temperatures (600-
1000 °C), four diffraction peaks are detected. These peaks are similar to that of pure CeO2 
because LaxCeyOz is the solid solution of La2O3 in CeO2 with fluorite type [35]. The XRD 
patterns of MOD-derived CeO2 films on Si substrate [22] are included in Fig. 1 for comparison. 
It is predicted that LaxCeyOz peaks produced in this work coincides with the diffraction peaks of 
CeO2. Table 1 shows the comparison of diffraction angles of CeO2 peaks and LaxCeyOz peaks 
obtained in this work. A shift of diffraction angles to lower degrees is observed for all of the 
LaxCeyOz peaks (600-1000 °C) when compared with CeO2 peaks. This may be attributed to the 
expansion of the lattice, owing to the formation of CeO2-La2O3/LaxCeyOz solid solution [40]. 
The lattice exhibited expansion because La3+ (0.118 nm) had a larger ionic size than Ce4+ (0.097 
nm) [40]. 
 
Previous literatures have reported on XRD patterns of lanthanum cerium oxide with the 
formula of La2Ce2O7. Its XRD patterns were similar to CeO2 with a small change of lattice 
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parameter (CeO2, a =5.4113 Å; La2Ce2O7, a =5.5718 Å) [38]. Nevertheless, the ICDD details 
regarding La2Ce2O7 was not available [38]. Based on the reported a value and hkl planes of 
La2Ce2O7, the XRD diffraction angles of La2Ce2O7 were deduced using Bragg’s law. In addition, 
the standard XRD patterns of lanthanum cerium oxide with the formula of Ce0.56La0.44O1.78 were 
found in Inorganic Crystal Structure Database (ICSD) with file number of 98-006-2223. It was 
deduced that current XRD patterns deviated from either La2Ce2O7 or Ce0.56La0.44O1.78 for less 
than 5 %. Nevertheless, the XRD patterns were closer to La2Ce2O7 due to its smaller percentage 
of angle deviation and therefore the four diffraction peaks are ascribed to cubic fluorite phases of 
(200), (220), (311), and (222) planes. 
 
Table 1 shows that as the annealing temperature increases from 600 to 1000 °C, there is a 
reduction of diffraction angles of the LaxCeyOz films, indicating the peak shift to a lower degree. 
It has been reported that the shift to the lower degree side implied that the lattice parameter 
increased with the increase of grain size [37]. Williamson-Hall (W-H) plot was used to 
determine the grain size (D) of the LaxCeyOz films from the XRD line broadening, in which the 
details were discussed in Ref. [41]. The obtained D for the films is shown in Fig. 2 as a function 
of annealing temperature. As the annealing temperature increases from 600 to 1000 °C, there is 
an increment in D from 84.10 nm to 94.65 nm. This increasing trend is in agreement with the 
growth mechanism of thin film, whereby grain size in a film increases when an annealing 
temperature is increased, owing to the coalescence of small crystallites to form a larger grain 
[41-43]. Beside the D value, microstrains of the LaxCeyOz films were determined using the W-H 
approach and they are in a decreasing trend with the increasing annealing temperatures, as shown 
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in Fig. 2. The lowest microstrains obtained at 1000 °C indicates that the presence of oxygen 
vacancies in this sample is the least [41].  
 
 As the annealing temperature increases from 600 to 800 °C, intensity of all LaxCeyOz 
peaks increased (Fig. 1). By further increasing the temperature to 1000 °C, an obvious increment 
in the intensity of (200) peak was noticed but not for other peaks. This indicated that the 
LaxCeyOz films were preferentially oriented in (200) direction as the annealing temperature 
increased. Since the highest preferred orientation was obtained at 1000 °C, it is of interest to 
investigate the effects of extended annealing time onto the characteristics of the films. Apart of 
15 minutes, the annealing time was extended further to 30, 60, 90, and 120 minutes. A 
comparison of the XRD patterns of LaxCeyOz films for each annealing time is elucidated in Fig. 
3. The intensity of (200) peak is similar when the annealing time increases from 15 to 30 minutes. 
However, the intensity drops at 60 minutes and continues to decrease in longer annealing time. It 
is thus generally depicted that the (200)-preferred orientation ceases when annealing time 
exceeds 30 minutes. W-H approach was also used to determine the D and microstrains of 
LaxCeyOz films. The D increased from 94.65 nm at 15 minutes to 101.37 nm at 30 minutes, 
134.90 nm at 60 minutes, 148.21 nm at 90 minutes, and 169.45 nm at 120 minutes (Fig. 4). An 
inverse trend of microstrains is shown in Fig. 4 as a function of annealing temperature.  
 
AFM analysis revealed the root-mean-square (rms) surface roughnesses of the LaxCeyOz 
films annealed from 400 to 1000 °C. The highest rms surface roughness is perceived by sample 
annealed at 1000 °C (12.54 nm). The lowest rms roughness (2.07 nm) was obtained at 400 °C, 
followed by a rougher (3.01 nm) surface at 600 °C and 800 °C (11.43 nm) (Fig. 5). When the 
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films annealed at different annealing times (15-120 min) at 1000 °C are compared, rms surface 
roughnesses of the films increase further, as shown in Fig. 6, from 12.54 nm at 15 min to 14.55 
nm at 120 min. 
 
Fig. 7 presents the cross sectional dark-field scanning transmission electron microscope 
(STEM) images of sample annealed at 1000 °C for 15 minutes. It is noticed that three layers 
labeled as layer 1, layer 2, and layer 3 are formed on top of the Si substrate. Similar observation 
has been obtained from images focused by high-angle annular dark field (HAADF) detector [Fig. 
7 (b)]. Layer 1 of 33 nm was not as dense as layers 2 and 3 [Fig. 7 (a)]. The less dense structure 
is possibly caused by the presence of oxygen vacancies, which are created when La2O3 was 
dissolved in the CeO2 matrix. In a fluorite structure of CeO2, Ce4+ cations are eight-fold 
coordinated with their nearest neighbours and each anion is surrounded tetrahedrally by four 
cations. When La2O3 was dissolved in the CeO2 matrix, the La3+ ions substituted for the Ce4+ 
cations, and formed the solid solution of CeO2-La2O3, which was the LaxCeyOz [40]. The 
formation of solid solution perturbs the symmetry of Ce-O and/or La-O bond, leading to highly 
disorder oxygen in the lattice and thus promotes oxygen transfer from the bulk to the surface. 
The enhanced oxygen mobility facilitates the reduction of Ce4+ cations, according to Eq. (1) [40] 
and creates more Ce3+ and oxygen vacancies. Meanwhile, the substitution of lower valence of 
La3+ for Ce4+ with close ionic radii may also create oxygen vacancies to achieve electroneutrality 
of the lattice [40].  
 
Oo + 2 CeCe = ½ O2 (gas) +Vö + 2 CéCe              (1) 
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where, Oo is the lattice oxygen in the CeO2, CeCe is the cerium in the lattice of CeO2, and Vö is the 
oxygen vacancy. The released oxygen would diffuse inward and oxidize the Si surface, forming 
SiOx layer (layer 3) of approximately 15 nm thick [Fig. 7 (c)-(d)]. Its identity has been proven by 
the energy dispersive spectroscopy (EDS) analysis, shown by point 4 in HAADF image [Fig. 7 
(b)] and spectrum 4 in Table 2. This layer is smooth and appears in amorphous state, as revealed 
by a larger zoomed STEM image in Fig. 7 (d). Thus, it was not detected in XRD analysis. 
However, when the region of SiOx (red dotted square) is zoomed in [Fig. 7 (e)], dot-like 
nanocrystals are observed. These nanocrystals might be Si nanocrystals. The formation of Si 
nanocrystals was reported in HfO2/SiO/HfO2 with 7 nm and 10 nm thick SiO films, while no 
nanocrystals were found in HfO2/4 nm SiO/HfO2 structures [44]. This indicates that the 
formation of Si nanocrystals is inhibited when the SiO layer is less than 4 nm [44]. Therefore, it 
is not surprising to have Si nanocrystals in the SiOx layer, which was thicker (15 nm) in this 
work. It was also reported that Si nanocrystals formed in SiOx film upon annealing at 1000 °C 
for 30 min were having irregular shapes and the average size of the nanocrystals was reported to 
be 3 nm [45]. In this work, it is anticipated that the Si nanocrystals formed are having the similar 
size as the reported one [45] due to the same annealing temperature (1000 °C) and closer 
annealing time (15 minutes) used. In addition, some portions of SiOx layer were removed and 
drifted into the LaxCeyOz layer [Fig. 7 (c)]. The observation might be due to the outdiffusion of 
Si through the LaxCeyOz film. These portions would occupy the oxygen vacancies in LaxCeyOz 
layer and bond with La-Ce-O to form La-Si-O, Ce-Si-O, La-Ce-O, and/or La-Ce-Si-O 
composition, as revealed by EDS analysis at spectra 1-3 (Table 2) and points 1-3 in HAADF 
image [Fig. 7 (b)]. Fig. 7 (d) depicts that this layer is a mixture of polycrystalline and amorphous 
structures. These amorphous phases could be La-Si-O, Ce-Si-O, La-Ce-Si-O, or the embedded 
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SiOx portions, which contained Si nanocrystals. The polycrystalline structure is contributed by 
La-Ce-O, which is detectable by the XRD. Besides, a thin layer (11 nm) consisting of La-Ce-Si-
O was detected in layer 2, showing a crystalline structure oriented in certain direction [Fig. 7 (d)]. 
This layer is formed probably due to the interaction between the SiOx layer and LaxCeyOz layer. 
Since Si nanocrystals are embedded in SiOx, formation of La-Ce-Si-O should also have Si 
nanocrystals embedded inside. These Si nanocrystals would drive the La-Ce-Si-O to out-diffuse, 
as shown by point 3 in Fig. 7 (b). 
 
Fig. 8 depicts the cross-sectional dark-field STEM images of sample annealed at 1000 °C 
for 120 min. A tremendous increase in the SiOx thickness (layer 3) to 42 nm was obtained [Fig. 8 
(a)]. The increment in SiOx thickness was caused by the increment in the amount of oxygen to 
oxidize the Si surface. As the annealing time was extended from 15 min to 120 min, the oxygen 
mobility was further enhanced and thus more oxygen would be available to form a SiOx layer. A 
thicker SiOx layer is formed during extended annealing time because more Si substrate would be 
consumed for SiOx growth. Meanwhile, the removal of SiOx becomes more aggressive and the 
removed regions are drifted to the LaxCeyOz layer [Fig. 8 (c)]. It has been reported that thermal 
decomposition of SiOx to Si and SiO2 would occur at high temperature annealing (1000-1100 °C) 
[46] and the increase of SiOx thickness would lead to the uncontrolled formation of Si 
nanocrystals at a broader region [44]. This could be seen in Fig. 8 (a) and (b) where nanocrystals 
seemed to distribute widely in LaxCeyOz layer. Although the number of Si nanocrystals increases 
at the expense of SiOx amorphous state with the increment of annealing time, the number is still 
considerably low [45]. This explained why Si crystalline peaks were not detected by XRD [45]. 
Moreover, the middle layer of La-Ce-Si-O (layer 2) became thicker (16.7 nm) as more 
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interaction is formed between SiOx and LaxCeyOz layer when the annealing time is prolonged. 
This layer changed from single crystalline to polycrystalline structure as two different 
orientations are observed under STEM in Fig. 8 (d). In addition, out-diffusion of the La-Ce-Si-O 
portions is exaggerated and, eventually, the LaxCeyOz layer (layer 1) is no longer continuous due 
to the wide distribution of Si nanocrystals, which are embedded in SiOx and La-Ce-Si-O portions. 
It is noticed that the LaxCeyOz layer became denser (25 nm) because most of the oxygen 
vacancies are occupied by either SiOx or La-Ce-Si-O bonding. It could be seen from Fig. 8 (d) 
that a segregation of different structures consisting of a mixture of crystallites and amorphous-
like phases is formed. The crystalline structures are contributed by the La-Ce-O, while the 
amorphous phase might be consisted of La-Ce-Si-O and SiOx. The wide distribution of Si 
nanocrystals in 1000 °C annealed film for 120 min is believed to be the main contributor to the 
largest rms surface roughness obtained in this sample [Fig. 8]. 
 
4. Conclusion 
 
In this work, MOD-derived LaxCeyOz film was successfully spin-coated on n-type Si 
(100) substrate. The effects of post-deposition annealing temperatures (400-1000 °C) and time 
(15-120 min) on physical properties of the films had been investigated and reported. XRD 
analysis had revealed the presence of cubic fluorite LaxCeyOz phases at (200), (220), (311), and 
(222) diffraction peaks. Williamson-Hall approach was adapted to determine the grain size and 
microstrains of the films. The microstrains of CeO2 films were reduced, accompanied by grain 
growth when annealing temperature and time were increased. High resolution transmission 
electron microscopy detected that a SiOx layer (15 nm) was formed between the LaxCeyOz film 
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(33 nm) and Si substrate in the sample annealed at 1000 °C for 15 min. Si nanocrystals were 
found in the SiOx layer due to the thermal decomposition of SiOx at this high temperature 
annealing. Out-diffusion of Si occurred and caused the drift of SiOx portions into the LaxCeyOz 
layer, forming a mixture of polycrystalline and amorphous structures. The amorphous structures 
were contributed by either La-Ce-Si-O, La-Si-O, Ce-Si-O, or the embedded SiOx portions, which 
contained Si nanocrystals. Besides, an interaction between the SiOx and LaxCeyOz layers formed 
an additional La-Ce-Si-O layer (11 nm). The Si nanocrystals embedded in the SiOx layer would 
again cause outdiffusion of the La-Ce-Si-O layer. As the annealing time increased to 120 min, a 
thicker SiOx layer (42 nm) was formed and more Si nanocrystals were distributed in the layer. 
This led to increased amount of Si outdiffusion to LaxCeyOz layer, forming a non-continuous 
surface. Furthermore, the interaction between SiOx and LaxCeyOz increased, forming a thicker 
La-Ce-Si-O layer (16.7 nm). Consequently, more out-diffusion of the La-Ce-Si-O portions into 
the LaxCeyOz layer occurred, occupying the oxygen vacancies and forming a denser structure (25 
nm). 
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Figure Captions  
 
Fig. 1 X-ray diffractographs of LaxCeyOz films annealed at different annealing temperatures 
(400-1000 °C) in comparison with typical CeO2 film. 
Fig. 2 Grain size and microstrains of LaxCeyOz films annealed at different annealing 
temperatures (400-1000 °C). 
Fig. 3 X-ray diffractographs of LaxCeyOz films annealed at 1000 °C for different annealing times 
(15-120 minutes). 
Fig. 4 Grain size and microstrains of LaxCeyOz films annealed at 1000 °C from 15 minutes to 
120 minutes. 
Fig. 5 Root-mean-square (rms) surface roughnesses of LaxCeyOz films annealed at 400-1000 °C.  
Fig. 6 A relationship of root-mean-square (rms) surface roughnesses of LaxCeyOz films annealed 
at 1000 °C as a function of annealing time (15-120 minutes). 
Fig. 7 Cross sectional high resolution transmission electron microscopy images of samples 
annealed at 1000 °C for 15 minutes. 
Fig. 8 Cross sectional high resolution transmission electron microscopy images of samples 
annealed at 1000 °C for 120 minutes. 
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Table Caption 
 
Table 1 A comparison between diffraction angles of CeO2 and LaxCeyOz films annealed at 
different temperatures (600-1000 °C). 
Table 2 Energy dispersive spectroscopy (EDS) analysis of sample annealed at 1000 °C for 15 
minutes in weight percentage. 
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Tables 
 
Table 1 A comparison between diffraction angles of CeO2 and LaxCeyOz films annealed at 
different temperatures (600-1000 °C). 
Plane CeO2 (2θ) 600 °C (2θ) 800 °C (2θ) 1000 °C (2θ) 
200 33.2040 ° 33.1451 ° 33.1274 ° 33.0803 ° 
220 47.9545 ° 47.9250 ° 47.8602 ° 47.8307 ° 
311 54.7964 ° 54.7669 ° 54.7375 ° 54.7021 ° 
222 56.5761 ° 56.5172 ° 56.4818 ° 56.4523 ° 
 
 
Table 2 Energy dispersive spectroscopy (EDS) analysis of sample annealed at 1000 °C for 15 
minutes in weight percentage. 
Spectrum O (wt %) Si (wt %) La (wt %) Ce (wt %) Total (wt %) 
Spectrum 1 20.63 3.79 30.41 45.17 100.00 
Spectrum 2 21.08 3.38 35.70 39.84 100.00 
Spectrum 3 22.19 3.93 35.58 38.30 100.00 
Spectrum 4 54.88 45.12 0.00 0.00 100.00 
 
 
 
 
 
 
 
 
  
Figures 
 
 
Fig. 1 X-ray diffractographs of LaxCeyOz films annealed at different annealing temperatures 
(400-1000 °C) in comparison with typical CeO2 film. 
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Fig. 2 Grain size and microstrains of LaxCeyOz films annealed at different annealing 
temperatures (400-1000 °C). 
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Fig. 3 X-ray diffractographs of LaxCeyOz films annealed at 1000 °C for different annealing times 
(15-120 minutes). 
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Fig. 4 Grain size and microstrains of LaxCeyOz films annealed at 1000 °C from 15 minutes to 
120 minutes. 
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 Fig. 5 Root-mean-square (rms) surface roughnesses of LaxCeyOz films annealed at 400-1000 °C.  
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 Fig. 6 A relationship of root-mean-square (rms) surface roughnesses of LaxCeyOz films annealed 
at 1000 °C as a function of annealing time (15-120 minutes). 
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 Fig. 7 Cross sectional high resolution transmission electron microscopy images of samples 
annealed at 1000 °C for 15 minutes. 
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 Fig. 8 Cross sectional high resolution transmission electron microscopy images of samples 
annealed at 1000 °C for 120 minutes. 
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